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Introduction
Niobium and tantalum exhibit a rich coordination chemistry spanning eight formal oxidation states (−III to +V) [1] . In addition to the inherent interest, understanding this complex coordination chemistry is necessary for the development of new functional materials containing these elements, which have applications in electronics, magnetism and energy storage. Key examples are early transition metal dichalcogenides (ME 2 E = S, Se or Te; M = Nb or Ta), which have layered structures and their properties may be tuned by choice of M and E [2] [3] [4] [5] [6] [7] . Thin films of these substances are of particular interest since 2D layers maximise the anisotropy of the material properties. Production of thin films by exfoliation of bulk samples [8] or chemical vapour deposition (CVD) from either single or dual source precursors [9] [10] [11] [12] , are current methods of choice. Single source CVD reagents minimise the quantity of reagent needed and potentially offer better control over the composition and film thickness, but reagents suitable for deposition of the heavier analogues (E = Se or Te) are rare [11, 12] .
We recently reported that thin films of NbE 2 (E = S or Se) can be deposited onto silica substrates using low pressure CVD (LPCVD) from [NbCl 5 (E n Bu 2 )], although the analogous tantalum complexes were unsuitable [13] . We therefore initiated studies of a wider range of Nb and Ta complexes as potential [15, 17] . Reactions of the dimers with bidentate ligands, e.g. 2,5-dithiahexane or 3,6-dithiaoctane, were reported to give [M 2 Cl 4 (RSCH 2 CH 2 SR) 2 (µ-Cl) 2 ], identified as M=M 6+ edge-sharing bioctahedra [18, 19] . Oxidative addition of Ph 2 S 2 to [Ta 2 Cl 6 (Me 2 S) 3 4 ] showed that these were in fact sulfide-bridged, rather than chloridebridged and should be formulated [Ta 2 Cl 4 (EtSCH 2 CH 2 SEt) 2 (µ-S) 2 ] and [M 2 Cl 4 (Me 2 S) 4 (µ-S) 2 ], containing single M-M bonds, and hence M(IV) rather than M(III) centres [18, 21] . The niobium complex, [Nb 2 Cl 4 (EtSCH 2 CH 2 SEt) 2 (µ-Cl) 2 ], is correctly formulated as Nb=Nb. These studies reveal the complicated synthetic chemistry and structural relationships in these systems. The isoelectronic Cl -and S 2-are extremely difficult to distinguish by X-ray crystallography, and the best current indicator is the metal-metal bond length, which should distinguish M=M from M-M. It is clear that small changes to the reaction conditions can lead to different products (or mixtures of products), and, as pointed out by Cotton [21] , other reported compounds of these types may be incorrectly formulated.
Experimental
Infrared spectra were recorded as Nujol mulls or thin films between CsI plates using a Perkin Elmer Spectrum 100 over the range 4000-200 cm −1 and UV/visible spectra as powdered solids diluted with BaSO 4 , using a Jasco V670 spectrophotometer with a 60 mm integrating sphere. 
[Ta 2 Cl 6 (Me 2 S) 2 (µ-Cl) 2 ]
The reaction was carried out as in 2.3 above, but with a shorter reaction time (~36 h) and after removing the [Ta 2 Cl 4 (Me 2 S) 2 (µ-Cl) 2 (µ-Me 2 S)], the filtrate was refrigerated. This produced a mixture of brown and orange crystals. The latter were identified as compound 2.5 by an X-ray crystal structure. .
[Nb 2 Cl 4 (MeSCH 2 CH 2 SMe) 2 (µ-Cl) 2 ]
[Nb 2 Cl 4 (Me 2 S) 2 (µ-Cl) 2 (µ-Me 2 S)] (0.29 g, 0.5 mmol) was dissolved in toluene (10 mL).
MeSCH 2 CH 2 SMe (0.368 g, 1.6 mmol) in toluene (7 mL) and then added with stirring. After 3 days, the pink solid was collected by filtration, washed three times with n-hexane (10 mL) and dried in vacuo. 
Ta 2 Cl 4 (Me 2 S) 4 (µ-S) 2 ]
Prepared as in [18] . [Ta 2 Cl 4 (Me 2 S) 2 (µ-Cl) 2 (µ-Me 2 S)] (0.15 g, 0.2 mmol) was dissolved in toluene (10 mL) and Me 2 S (1 mL, 13.6 mmol) was added and the reaction mixture was stirred for 1 h. Some solids remained and were removed by filtration. The solution was carefully layered with Me 2 S 2 (0.015 mL, 0.17 mmol) in hexane (10 mL) and left undisturbed. After 2 weeks, some red crystals had formed, together with some greenish powder. [{Ta 2 Cl 6 (Me 2 S) 2 (µ-Cl) 2 (µ-Me 2 S)] (0.1 g, 0.13 mmol) was dissolved in toluene (20 mL) at room temperature, o-C 6 H 4 (CH 2 SeMe) 2 (0.146 g, 0.5 mmol) in toluene (2 mL) was then added and the reaction mixture was left to stir for 5 h. Some pale brown-green solid was removed by filtration (0.15 g). The remaining brown filtrate was then layered with hexane, giving a few yellow-orange crystals which were shown by single crystal X-ray analysis to be [Ta 2 Cl 4 {o-C 6 H 4 (CH 2 SeMe) 2 } 2 (µ-Se) 2 ].
X-Ray Experimental.
Details of the crystallographic data collection and refinement parameters are given in Complexes of dimethylchalcogenides are not well suited as CVD reagents, because they lack the β-hydride decomposition route [11, 12, 13] , and hence the new complexes [M 2 Cl 4 ( n Bu 2 S) 2 (µ-Cl) 2 (µ-n Bu 2 S)] were prepared by an analogous method (Scheme 1). X-Ray structures of both complexes were determined (Figures 1 and 2 ) which showed them to be isomorphous and confirmed the expected confacial bioctahedral geometries, as found for the Me 2 S complexes [15, 17] , and the corresponding bond lengths and angles are not significantly different. , with all X groups the same, the M−M bonding is described as one σ and two "π/δ" bonds [25] . In the lower symmetry in the present complexes, the degeneracy of the two π/δ orbitals is lifted, resulting in a diamagnetic ground state (σ 2 π/δ 2 π/δ 0 ), and this is supported by the observed bond lengths [15] [16] [17] [18] . The structure of [Ta 2 Cl 4 (Me 2 S) 2 (µ-Cl) 2 (µ-Me 2 S)] was reported by Cotton and Najjar [15] in the space group Pnma with the methyl groups on the terminal Me 2 S ligands pointing in the same direction. We obtained crystals of a polymorph in space group Pbcn, with the molecules having an additional C 2 axis resulting from the terminal S−Me groups pointing in different directions ( Figure 3 ). As expected, the dimensions differ little between the two structures. The spectroscopic data on these four complexes are unexceptional, but clearly fingerprint them as analogues. The UV/visible spectra of the solids (diffuse reflectance samples diluted with BaSO 4 ) (Figure 4(a) ) show a complex pattern of absorptions and a detailed assignment is not possible due to the band overlaps and low symmetry. However, the very weak features < 8000 cm 
Ta 2 8+ dimers
As noted in the Introduction, small changes in the experimental conditions can result in impure products, or even mixtures of complexes, reinforcing the need to critically evaluate the data on each Babaian-Kibala et. al. [21] . Our data are in good agreement with the published structure, allowing for the different temperature of data collection (295 K [18] versus 100 K) (see Supplementary data).
Dithioether and diselenoether adducts of M 2 6+
The 
Prospects as CVD Reagents
Attempts to deposit ME 2 films by low-pressure CVD used the equipment described elsewhere [13] which was successfully employed to deposit 
